The facile rearrangement of "S-acyl isopeptides" to native peptide bonds via S,N-acyl shift is central to the success of native chemical ligation, the widely used approach for protein total synthesis. Proximity-driven amide bond formation via acyl transfer reactions in other contexts has proven generally less effective. Here, we show that under neutral aqueous conditions, "O-acyl isopeptides" derived from hydroxy-asparagine [aspartic acid-β-hydroxamic acid; Asp(β-HA)] rearrange to form native peptide bonds via an O,N-acyl shift. This process constitutes a rare example of an O,N-acyl shift that proceeds rapidly across a medium-size ring (t 1/2 ∼ 15 min), and takes place in water with minimal interference from hydrolysis. In contrast to serine/threonine or tyrosine, which form O-acyl isopeptides only by the use of highly activated acyl donors and appropriate protecting groups in organic solvent, Asp(β-HA) is sufficiently reactive to form O-acyl isopeptides by treatment with an unprotected peptide-α thioester, at low mM concentration, in water. These findings were applied to an acyl transfer-based chemical ligation strategy, in which an unprotected N-terminal Asp(β-HA)-peptide and peptide-α thioester react under aqueous conditions to give a ligation product ultimately linked by a native peptide bond.
C ontemporary protein total synthesis invariably employs chemical ligation--the covalent coupling of two unprotected peptide segments by a chemoselective reaction, in aqueous solvent, to form a product linked by an amide bond or analog structure (1) (2) (3) . Only a few reactions constitute the totality of the chemical ligation toolkit, highlighting the challenge of selective amide bond formation between unprotected peptides in water. Chemical ligation reactions that proceed in aqueous buffer include native chemical ligation (4) and oxime-forming ligation (5, 6) ; a variety of other chemistries, including Staudinger ligation (7, 8) , α-ketoacid-hydroxylamine ligation (9, 10), pseudoprolineforming ligation (11) , and Ser/Thr-forming ligation (12, 13) , are conducted in organic or mixed aqueous/organic solvents.
In native chemical ligation, an N-terminal Cys-peptide undergoes thiol/thioester exchange with a peptide-α thioester to generate a thioester intermediate, which rearranges to a peptide bond via rapid S,N-acyl shift. Key to this approach is that aminolysis of the thioester-which would be essentially unreactive to amines at neutral pH-is facilitated by proximity-driven, entropic activation. The same principle was employed in two contemporary peptide-coupling strategies based on O,N-acyl transfer (14) (15) (16) . However, both strategies were ultimately limited by slow acyl transfer rates.
Due to the facility of the original native chemical ligation chemistry, many methods have been developed to extend its applicability beyond Xaa-Cys ligation sites, by the use of various cysteine surrogates in place of an N-terminal cysteine (17) (18) (19) . The abilities of certain nonthiol side-chain functionalities-including imidazoles (20) and carboxylates (21, 22) -to facilitate the aminolysis of a peptide-α thioester by N-terminal histidine or Asp/Glu-peptides have been documented. Otherwise, extensions of native chemical ligation have relied on the use of thiol nucleophiles to form S-acyl isopeptides, which undergo rapid S,N-acyl shifts through small rings. An exception is the use of selenocysteine (23) (24) (25) (26) and peptide-α selenoesters (27, 28) , which exhibit analogous but heightened reactivity.
We sought to expand the scope of nucleophiles that might be employed in acyl transfer-based chemical ligation, and to reinvestigate the possibility of O,N-acyl transfer across medium-size rings. Hydroxamic acids (29) were found to be sufficiently reactive to enable the formation of an O-acyl isopeptide from a peptide-α thioester and an N-terminal Asp(β-HA)-peptide at 5 mM concentrations in aqueous solvent, and without the need for protecting groups. Unexpectedly, the resulting O-acyl isopeptide products rearranged to native amide bonds via a facile O,N-acyl shift-apparently through a seven-member ring-with minimal interference from hydrolysis. These combined results were applied to the development of an amide-forming chemical ligation strategy involving reaction of an N-terminal Asp(β-HA)-peptide with a peptide-α thioester.
Results and Discussion
Rearrangement of an O-Acyl Hydroxamic Acid Isopeptide to a Peptide
Bond. O-acyl hydroxamic acid isopeptide 1 rearranged to form native peptide 1′ upon standing in aqueous buffer at ambient temperature ( Fig. 1A and SI Appendix, section 5). The reaction was pH-sensitive, exhibiting a maximum between pH 5 and 6 (Fig. 1B) ; it was substantially slower at pH 8, and did not proceed to any detectable extent at pH 2 (SI Appendix, Figs. S1 and S18).
Significance
Methods for the chemoselective formation of peptide bonds in water generally leverage the exceptional reactivity of thiol nucleophiles. Here, we demonstrate that hydroxamic acidsincorporated into the side chain of asparagine or aspartic acid-can be leveraged analogously. N-terminal hydroxyasparagine-peptides react with peptide-α thioesters to form "O-acyl hydroxamic acid isopeptides," which rearrange to peptide bonds via a facile O,N-acyl shift. The hydroxy-asparagine residue can be converted to either aspartic acid or asparagine, to furnish amide-linked ligation products comprising entirely canonical residues. Taken together, these observations form the basis of a strategy for peptide ligation that circumvents the requirement for Xaa-Cys ligation "sites."
Potentially, the rate-pH maximum arises from a dependency on simultaneous deprotonation of the N α group, and protonation of the O-acyl hydroxamic acid group of isopeptide 1.
To confirm the intramolecular nature of the rearrangement, reaction time courses were carried out at two different isopeptide concentrations (Fig. 1B and SI Appendix, section 5). The observed reaction half-lives did not decrease when the isopeptide concentration was raised 10-fold, across a range of pH values. These data provide strong evidence that the reaction is firstorder with respect to isopeptide, consistent with rearrangement by intramolecular acyl transfer (30) .
At pH 6, the half-life (t 1/2 ) for rearrangement of 1 was on the order of 15 min, compared with typical half-lives for O,N-acyl shifts of 2-4 h in dibenzofuran frameworks (14, 31) , hours to days for ester-linked thiazolidines (16), 22 h for a perylene-based scaffold (32) , and 3 h (with microwave heating) for medium to long-range shifts in serine isopeptides (33) . Thus, the rate of Oacyl hydroxamic acid isopeptide rearrangement is notable. Rearrangements of serine, threonine, and related O-acyl isopeptides by O,N-acyl shift can also be rapid (half-lives of ∼30 s to ∼10 min at neutral or mildly alkaline pH) (34) (35) (36) (37) (38) , but these proceed through five-member rings, which are expected to form ∼10 4 -fold faster than seven-member rings (30) . Facile rearrangement of Asp(β-HA) isopeptides is probably due in part to the heightened reactivity of a diacyl hydroxylamine compared with an alkyl ester. Acyl donor strength was demonstrated recently to increase the rate of transfer across a salicylaldehydederived template, which lends support to this hypothesis (39) .
Several lines of evidence support the covalent structure of the isomeric reaction product 1′ as the indicated amide. First is the change in charge-state distribution observed upon conversion of O-acyl hydroxamic acid 1 to product: The most abundant charge state changes from [M+4H] 4+ in 1 to [M+3H] 3+ in the product 1′, consistent with the loss of a basic N α group upon conversion. Second is the susceptibility of the Asp(β-HA) residue in 1′ to oxidative or reducing treatments to yield either Asp or Asn, respectively (see below). This behavior illustrates that a hydroxamic acid group has been revealed upon conversion of 1 to 1′. Third, and most compelling, is the observation that several amide products investigated were indistinguishable from authentic peptides, upon conversion of Asp(β-HA) to Asp (SI Appendix,
Figs. S65 and S66).
Synthesis of an O-Acyl Hydroxamic Acid Isopeptide from a Peptide-α Thioester and Hydroxy-Asparagine-Peptide. We accessed the unique chemistry of O-acyl hydroxamic acid isopeptides by the reaction of Asp(β-HA) with thioesters (40) . In a representative experiment, peptide-α thioester 2 (5 mM) was treated with 1.3 equivalents of N-terminal Asp(β-HA)-peptide 3 (6.5 mM) in 6 M guanidine hydrochloride, 200 mM phosphate, pH 9 buffer; after 15 min, 2 had been converted to O-acyl hydroxamic acid 1 (Fig. 2) . The covalent structure of 1 was confirmed by reduction of the N-O bond in acetylated analog acetyl-1, which yielded products consistent with the indicated O-acyl connectivity (SI Appendix, Figs. S21 and S22).
The rate at which hydroxamic acids react with thioesters would determine the practicality of chemical ligations based on these reagents, in the same way that thiol-thioester exchange between a Cys-peptide and a peptide-α thioester determines the rate of native chemical ligation (41) . Accordingly, we directly compared the reactivity of peptide-α thioester 2 to a small panel of thiols and hydroxamic acids (SI Appendix, section 8). At pH 7, both acetyl hydroxamic acid and Asp(β-HA) were ∼10 or ∼30× less reactive to 2 relative to mercaptoethanesulfonate or cysteine, respectively. Thus, reaction of a peptide-α thioester with an Nterminal Asp(β-HA)-peptide was expected to be slower than Our kinetic data suggested two general strategies for chemical ligation involving capture of a peptide-α thioester by Asp(β-HA), and subsequent rearrangement of the resulting O-acyl isopeptide to give a native peptide bond. In the first strategy, a peptide-α thioester would be treated with an N-terminal Asp(β-HA)-peptide at a pH intermediate between the optima for each step. In the second strategy, the acyl capture step would be performed at mildly alkaline pH, where its rate is faster (pH 8-9); upon completion, the pH would be dropped to that optimal for the isopeptide rearrangement (pH 5-6). We first explored the one-step strategy.
Peptide-Ala-α thioester 2 (5 mM) was treated with 1.3 equivalents of N-terminal Asp(β-HA)-peptide 3 (6.5 mM) in 6 M guanidine hydrochloride, 200 mM phosphate, pH 7 buffer. After several hours, liquid chromatography-mass spectrometry (LC-MS) analysis of reaction mixture aliquots revealed a distribution of starting materials, intermediate O-acyl hydroxamic acid isopeptide 1, and ligation product 1′ (Fig. 3) . The reaction was complete after 20 h, and was accompanied by formation of peptide-α carboxylate derived from thioester 2 (compound 2b; ∼10%). A yield of 61% was obtained for ligation product 1′ after isolation by preparative HPLC, based on the limiting reagent 2.
To test the generality of the ligation, we studied the reactions of hydroxamic acid 3 with a range of peptide-Xaa-α thioesters (4a through 4g) at pH 7. Table 1 
A two-step ligation strategy was also explored, with the goal of decreasing the reaction time. Peptide-α thioester 2 (5 mM) was again treated with 1.3 equivalents of N-terminal Asp(β-HA)-peptide 3 (6.5 mM) in 6 M guanidine hydrochloride, 200 mM phosphate buffer, but this time at pH 8. After 15 min, peptide-α thioester 2 had been converted quantitatively to intermediate O-acyl hydroxamic acid isopeptide 1, and the reaction mixture was acidified to pH 6, to facilitate rearrangement of isopeptide 1 to peptide product 1′. The rearrangement was complete within 2 h (SI Appendix, Fig. S47 ), and ligation product 1′ was isolated in 75% yield after preparative HPLC (compared with 61% for the one-step approach).
A two-step ligation was also carried out using peptide-Leu-α thioester 4a, on an analytical scale. Similar to the case of Ala thioester 2, two-step ligation with 4a was complete after a total of 2 h 45 min (45 min at pH 8, and 2 h at pH 6; SI Appendix, Fig.  S48 ). Similar quantities of peptide-α carboxylate were formed by both the one-step and two-step procedures (∼5-10%), suggesting that this minor side product may be a general feature of the ligation (SI Appendix, Figs. S40 and S48).
Conversion of Asp(β-HA) to Asp or Asn. The utility of Asp(β-HA)-mediated chemical ligation would be extended if an Asp(β-HA) residue could be converted into either Asp or Asn, postligation. We identified conditions for these transformations, and tested them on portions of the model ligation products 5a through 5g (Fig. 4 and SI Appendix, sections 11 and 12). Overall yields for ligation and subsequent conversion of Asp(β-HA) to either Asp or Asn-which include two preparative HPLC isolationsranged from 15 to 54%, with an average of 32% ( Table 2) . Reduction of Asp(β-HA) to Asn was optimally achieved by treatment with Zn, at 37°C, in 1 M ascorbic acid (Fig. 4 and SI Appendix, section 11). A variety of conditions, including Zn in acetonitrile/water (0.1% trifluoroacetic acid), Zn in acetic acid, and Zn in 1 M HCl were attempted with generally poorer reproducibility (43, 44) . The reduction required ∼20 h for completion, and seemed to work better on smaller scale. We anticipate that given sufficient impetus, milder and homogeneous reaction conditions for the reduction of a hydroxamic acid to a carboxamide could be found.
Conversion of Asp(β-HA) to Asp proved straightforward. Nagasawa and coworkers (45) reported the liberation of benzoic acid and nitrous oxide from benzohydroxamic acid, under nitrosation conditions. Because nitrosation of unprotected peptide-α hydrazides to yield peptide-α acyl azides (46) is enjoying widespread use, we decided to adapt this protocol for the oxidative hydrolysis of hydroxamic acids. Clean conversion of Asp(β-HA) to Asp was observed upon treatment of substrates 5a through 5g with NaNO 2 in pH 1 phosphate buffer at 0°C, for 1-2 h (Fig. 4 , Table  2 , and SI Appendix, section 12).
To confirm the covalent structure of the ligation products, we prepared authentic peptides corresponding to products 7a and 7d. These compounds were indistinguishable from 7a and 7d prepared by chemical ligation and subsequent conversion of Asp(β-HA) to Asp (SI Appendix, Figs. S65 and S66) . To investigate the chiral integrity of ligation products 7a and 7d, we prepared diastereomeric epi-7a and epi-7d, containing either a D-Leu or D-Ser residue, respectively, at the site of ligation. Diastereomer epi-7a was not detected in the crude product 7a, suggesting that ligation proceeded with negligible epimerization of the O-acyl hydroxamic acid isopeptide intermediate (SI Appendix, Fig. S65 ). Crude product 7d, on the other hand, contained as much as 2% of diastereomer epi-7d (SI Appendix, Fig. S66 ). The propensity of peptide-Ser-α thioesters to epimerize has been noted (47) , and may be responsible for the comparatively worse outcome observed in this case. Fig. 5 . After 30 min at pH 8, complete conversion to O-acyl hydroxamic acid ligation product 10 was confirmed, and the pH was adjusted to 6. After 4 h, LC-MS analysis showed conversion of 10 to an isomeric species 10′, presumed to be the desired amide product. As for our model studies, formal hydrolysis of thioester 8 occurred to the extent of ∼10% (product 8b). Desired product 10′ was isolated by preparative HPLC in 49% yield.
To prepare Z domain molecules with entirely natural side chains, the Asp(β-HA) residue of ligation product 10′ was converted to either Asn or Asp. Treatment of 10′ with either Zn in 1 M ascorbic acid (SI Appendix, Fig. S69 ) or NaNO 2 (SI Appendix, Fig. S70 ) furnished the desired reaction products 10a and 10b in 99% and 71% yield, respectively, corresponding to overall yields of 49% and 35% for the ligation and Asp(β-HA) transformation sequences.
Significance. In this work, we have documented the facile rearrangement, via O,N-acyl shift, of O-acyl isopeptides derived from Asp(β-HA). When combined with the ability of Asp(β-HA) to form O-acyl isopeptides by reaction with peptide-α thioesters under mild aqueous conditions, this observation forms the basis of an amide-forming chemical ligation reaction. Conversion of the Asp(β-HA) residue to either aspartic acid or asparagine postligation enables the synthesis of native peptides by this strategy. This reaction sequence is analogous to the ligation/desulfurization approach to protein synthesis by native chemical ligation, and is complementary to native chemical ligation with β-thiol-Asn (49, 50), β-thiol-Asp (51), or auxiliaries (52, 53) which enable ligation at the same Xaa-Asp and Xaa-Asn sites.
Before this work, cysteine, selenocysteine, and the variety of nonnatural amino acids functionalized with thiols and selenols were the only amino acids known to form isopeptides with acyl donors under similarly mild conditions. A variety of isopeptides defined by attachment of a peptide C terminus to the side chain 
Conclusion
The unique, mutual reactivity of peptide-α thioesters and N-terminal cysteine-peptides forms a basis for the total synthesis of proteins by native chemical ligation. With continued development, we anticipate that the reaction of N-terminal Asp(β-HA)-peptides (or structural variants) with suitable acyl derivatives may become a useful complementary method, and potentially form the basis of an "orthogonal" amide-forming ligation that can proceed in the presence of an N-terminal cysteine-peptide and/or a thioester. This would represent a powerful advance, enabling, for example, fully convergent protein synthesis without the need for protecting groups or intermediate functional group conversions (e.g., conversion of a peptide-α hydrazide ligation product to a peptide-α thioester) (2).
Methods
Ligations. In a one-step ligation procedure, peptide-α thioester and Asp(β-HA)-peptide were dissolved in 6 M guanidine hydrochloride, 200 mM phosphate, pH 7 buffer, and combined in a plastic tube (final concentrations of 5 and 6.5 mM, respectively). The reaction mixture was allowed to stand at ambient temperature, and reaction mixture aliquots were periodically withdrawn for LC-MS analysis. Upon completion, the product was isolated by preparative HPLC, as described in SI Appendix. Overall yields for ligation and subsequent transformation of Asp(β-HA)-involving two HPLC purifications-are also shown. 9 were first combined at pH 8 for 30 min, to generate isopeptide 10. Then, the reaction mixture was acidified to pH 6; formation of amide product 10′ was confirmed after 4 h. The MS insets correspond to isopeptide 10 (30-min timepoint) and amide product 10′ (4-h timepoint), respectively. Product 10′ was obtained in 49% yield after isolation by preparative HPLC.
In a two-step ligation procedure, peptide-α thioester and Asp(β-HA)-peptide were combined as above, but at pH 8. After 30 min, a reaction mixture aliquot was analyzed by LC-MS, to confirm complete consumption of thioester. Once confirmed, the reaction mixture was adjusted to pH 6, by dilution into 10 volumes of 6 M guanidine hydrochloride, 200 mM phosphate, pH 6 buffer. Upon completion, the product was isolated by HPLC.
Conversion to
Asn. An Asp(β-HA)-containing peptide was dissolved to 1 mg/mL in 1.0 M ascorbic acid, and transferred to 3-mL glass vials in 1-mL portions (the reduction was most effective when the reaction mixture was less than 1 mL). Zinc powder (100 mg) and a magnetic stir bar were added to each vial. The vials were suspended in a temperature-controlled water bath (37°C), and the suspensions were stirred vigorously for 20 h. Upon completion, the reaction mixtures were pooled, diluted with 95/5 water/acetonitrile, and filtered through a 0.2-μm polytetrafluoroethylene syringe filter. The product was isolated by HPLC.
Conversion to Asp. An Asp(β-HA)-containing peptide was dissolved in 6 M guanidine hydrochloride, 200 mM phosphate, pH 3 buffer (2 mM), in a glass vial. The solution was adjusted to pH 1, and the vial was suspended in an ice/water bath. Next, 0.2 M NaNO 2 in deionized water was added, to bring the concentration to 10 mM. Upon completion, residual oxidant was quenched by addition of 0.5 M ascorbic acid. The product was isolated by HPLC.
